Ice sheets are currently ignored in global methane budgets 1,2 . Although ice sheets have been proposed to contain large reserves of methane that may contribute to a rise in atmospheric methane concentration if released during periods of rapid ice retreat 3, 4 , no data exist on the current methane footprint of ice sheets. Here we find that subglacially produced methane is rapidly driven to the ice margin by the efficient drainage system of a subglacial catchment of the Greenland ice sheet. We report the continuous export of methane-supersaturated waters (CH 4(aq) ) from the ice-sheet bed during the melt season. Pulses of high CH 4(aq) concentration coincide with supraglacially forced subglacial flushing events, confirming a subglacial source and highlighting the influence of melt on methane export. Sustained methane fluxes over the melt season are indicative of subglacial methane reserves that exceed methane export, with an estimated 6.3 tonnes (discharge-weighted mean; range from 2.4 to 11 tonnes) of CH 4(aq) transported laterally from the ice-sheet bed. Stable-isotope analyses reveal a microbial origin for methane, probably from a mixture of inorganic and ancient organic carbon buried beneath the ice. We show that subglacial hydrology is crucial for controlling methane fluxes from the ice sheet, with efficient drainage limiting the extent of methane oxidation 5 to about 17 per cent of methane exported. Atmospheric evasion is the main methane sink once runoff reaches the ice margin, with estimated diffusive fluxes (4.4 to 28 millimoles of CH 4 per square metre per day) rivalling that of major world rivers 6 . Overall, our results indicate that ice sheets overlie extensive, biologically active methanogenic wetlands and that high rates of methane export to the atmosphere can occur via efficient subglacial drainage pathways. Our findings suggest that such environments have been previously underappreciated and should be considered in Earth's methane budget.
Ice sheets are currently ignored in global methane budgets 1,2 . Although ice sheets have been proposed to contain large reserves of methane that may contribute to a rise in atmospheric methane concentration if released during periods of rapid ice retreat 3, 4 , no data exist on the current methane footprint of ice sheets. Here we find that subglacially produced methane is rapidly driven to the ice margin by the efficient drainage system of a subglacial catchment of the Greenland ice sheet. We report the continuous export of methane-supersaturated waters (CH 4(aq) ) from the ice-sheet bed during the melt season. Pulses of high CH 4(aq) concentration coincide with supraglacially forced subglacial flushing events, confirming a subglacial source and highlighting the influence of melt on methane export. Sustained methane fluxes over the melt season are indicative of subglacial methane reserves that exceed methane export, with an estimated 6.3 tonnes (discharge-weighted mean; range from 2.4 to 11 tonnes) of CH 4(aq) transported laterally from the ice-sheet bed. Stable-isotope analyses reveal a microbial origin for methane, probably from a mixture of inorganic and ancient organic carbon buried beneath the ice. We show that subglacial hydrology is crucial for controlling methane fluxes from the ice sheet, with efficient drainage limiting the extent of methane oxidation 5 to about 17 per cent of methane exported. Atmospheric evasion is the main methane sink once runoff reaches the ice margin, with estimated diffusive fluxes (4.4 to 28 millimoles of CH 4 per square metre per day) rivalling that of major world rivers 6 . Overall, our results indicate that ice sheets overlie extensive, biologically active methanogenic wetlands and that high rates of methane export to the atmosphere can occur via efficient subglacial drainage pathways. Our findings suggest that such environments have been previously underappreciated and should be considered in Earth's methane budget.
The role of ice sheets in the global methane cycle depends on the ability (thermogenic or microbial) of subglacial environments to produce large quantities of methane (for example, as hydrates) 3, 4, 7 , as well as the mechanisms responsible for methane export to the ice margin and subsequent release to the atmosphere. Subglacial methane hydrates have been suggested to currently exist beneath the Antarctic Ice Sheet in large enough quantities to raise atmospheric methane concentrations if released rapidly during deglaciation 4 . However, recent research has revealed the presence of active methane-oxidizing communities in subglacial ecosystems, suggesting the possibility of an efficient methane buffer by an active biological sink 5, 8 . There is also ambiguity in the palaeo-record. New ice-core data suggest that geological methane (for example, from permafrost but also potentially of ice-sheet origin) had little effect on atmospheric methane concentrations over the Younger Dryas-Preboreal transition 9 ; but previous estimates do suggest large subglacial methane releases from retreating palaeo-ice sheets of the Northern Hemisphere following the onset of the last deglaciation 10 .
Confounding scenarios on the potency of sub-ice-sheet methane mostly result from the scarcity of empirical data, which are limited to point measurements in ice cores [11] [12] [13] , Greenland marginal streams 5 and an Antarctic subglacial lake 8 .
Here we provide direct evidence from the Greenland ice sheet (GrIS) for the existence of large subglacial methane reserves, where production is not offset by local sinks and there is net export of methane to the atmosphere during the summer melt season. We focus on a 600-km 2 catchment of the GrIS that has been extensively studied over the last decade, both in terms of ice dynamics and subglacial geochemistry (Supplementary Information 1a) . Between 19 May and 13 July 2015, we deployed a CONTROS HydroC CH 4 sensor 14 (Kongsberg Maritime Contros, Germany) at a distance <2 km from the ice margin in the proglacial river of the Leverett Glacier (LG) (Supplementary Information 1a; Extended Data Fig. 1 ) 15, 16 . Manual measurements supported sensor readings and CH 4 stable-isotope analyses (δ 13 C and δ 2 H), and 16S rRNA gene-sequence data from LG runoff were used to infer the methane origin. A one-dimensional reaction-transport model was further applied to test for the possibility of hydrate formation beneath the ice in the catchment. Features of the study area suggest that results obtained are probably applicable to other ice-sheet catchments (Supplementary Information 1a) and are informative on a global scale, serving as a first-step assessment of subglacial methane contribution to present-day methane budgets.
Sensor measurements revealed that LG runoff was supersaturated in methane with respect to the atmosphere over the entire monitoring period (mean concentration of about 271 nM, compared with an atmospheric equilibrium concentration of about 4.5 nM) (Fig. 1) . This is consistent with the high concentrations (up to about 24 µM) of methane detected in the basal regions of the GRIP, GISP2 and NGRIP ice cores [11] [12] [13] , in marginal runoff from a small neighbouring Greenland glacier (about 3-83 µM) 5 , and during experimental incubations of Greenland subglacial sediment 17 . Stepwise increases in methane concentrations closely followed the seasonal evolution of the subglacial drainage system, indicating the crucial role of hydrology in controlling methane export from the ice sheet. Clear differences in CH 4(aq) concentrations were observed between (1) the early part of the season, during times of very low discharge, when the subglacial portal was completely ice-sealed and methane concentrations were low (mean concentration of about 64 nM) ( Fig. 1; Supplementary Information 2b) , (2) the emergence of a subglacial upwelling through the river ice in front of the LG on 1 June, which released methane-enriched waters stored over winter from the ice margin (mean concentration of about 4 µM before the melt season; see Supplementary Information 1b, Extended Data Fig. 1 ) and (3) the later season (from 19 June onwards), with elevated CH 4(aq) concentrations (pulses) coincident with a series of four subglacial Letter reSeArCH outburst events (Supplementary Information 2b; Fig. 1 ). These outburst events were characterized by pulses in suspended sediment concentrations, electrical conductivity and pH ( Fig. 1) , indicative of subglacial origin, as previously inferred 18 . The high concentrations of CH 4(aq) observed during these events suggest the evacuation of methane-rich subglacial waters from progressively inland sources (Supplementary Information 2b). We attribute the overall decreasing trend in methane concentration following the second outburst event to dilution by rising supraglacial ice-melt inputs to the subglacial system over the melt season. The sustained methane load observed during this period, however, indicates that subglacial methane reserves are not exhausted, despite increases in meltwater discharge (Fig. 1) .
The cumulative lateral flux of CH 4(aq) from the LG amounted to about 1.87 t (1.64-2.10 t) over the measurement period (reported ranges reflect errors in the measured concentrations and discharge; see Methods). However, we estimate that at least 2.78 t (2.43-3.12 t)-but more probably about 6.28 t (5.19-7.36 t)-of CH 4(aq) were laterally transported at the measuring site over the entire 2015 melt season ( Fig. 2 ; see Methods for details). Methane measurements provide conservative estimates of total methane production across the glacier, because recorded concentrations would have been influenced by oxidative and diffusive processes upstream of the measuring site and hence subglacial methane production beneath the catchment is probably larger. On the basis of previously measured microbial oxidation rates 5 and a sustained-flux scenario, we estimate that the bacterial methane sink at the LG amounted to about 1.22 t before subglacial discharge reached the ice margin, which is about 16% of the total methane export at the measuring site over the melt season ( Fig. 2; Supplementary  Information 2c) .
We use scaling relationships between gas transfer velocities and river hydrology 19 to derive conservative approximations of diffusive fluxes of methane from the LG proglacial river. We infer that there is some evasion of methane from subglacial runoff to air spaces in subglacial channels close to the margin 20 and to the atmosphere after emergence at the glacier subglacial portal. We estimate that such atmospheric evasion constitutes the main sink of CH 4(aq) compared to microbial oxidation, with diffusive fluxes responsible for at least 1.72 t (0.51-3.19 t) of CH 4 released to the atmosphere between the ice margin and the measuring site ( Fig. 2 ; compared to about 0.09 t CH 4 oxidized for the same distance, or about 1% of exports; data not shown). Recent work on white-water streams has indicated that these traditionally used scaling relationships can greatly underestimate (by several orders of magnitude) diffusive fluxes in white-water systems 21, 22 . Considering the high degree of turbulence observed in the LG river (Extended Data Fig. 1 ), we therefore stress that our estimates here constitute lower-limit values. What is clear is that the LG catchment is a source of atmospheric methane, with our minimum estimates indicating that over 18% (7.5%-26%) of exported methane reaches the atmosphere within 2 km of the ice-sheet margin.
Methane concentrations at the LG fall within the global range reported for streams and rivers (Fig. 3) . A recent survey of riverine methane indeed revealed that streams have previously been overlooked as net contributors of atmospheric methane, and they are estimated to emit over 27 Tg CH 4 annually-about 15% and 40% of global wetland and lake effluxes, respectively 6 . The results presented here suggest that streams draining subglacial basins are probably no exception, with the estimated diffusive fluxes of methane at the LG falling in the higher range of reported world averages for rivers, comparable to the large fluxes observed in the Congo basin (Fig. 3 , Extended Data Table 1 ). Because of the high uncertainties surrounding LG methane diffusive fluxes, it is difficult to accurately determine the overall contribution of methane to the atmosphere from the LG catchment and by extension from the GrIS margin as a whole.
To directly compare methane fluxes at the LG with those of other systems, we calculate the catchment-wide areal yield of CH 4(aq) that contributed to the observed CH 4(aq) lateral flux. When comparing catchment-area-normalized yields of CH 4(aq) , the lateral CH 4(aq) flux from the LG translates into a yield higher than, or within the range of, other large rivers worldwide and highlights that the GrIS may act as a relatively important source of atmospheric methane (Extended Data Table 1 ; Supplementary Information 1c). Ultimately, the atmospheric footprint of GrIS CH 4 will partly depend on the overall surface area of the ice sheet that contributes to the overall diffusive fluxes, as well as on the magnitude of such fluxes at points of first contact between the atmosphere and subglacial runoff (for example, within open channels beneath the ice).
Stable-isotope analyses (δ 13 C and δ 2 H) reveals that LG methane was microbial in origin, with most samples falling in a well defined range characteristic of acetoclastic methanogenesis, although with some degree of mixing with methane probably produced by a CO 2 -reduction pathway (Fig. 4) . This mixed origin of methane from CO 2 reduction and acetate fermentation is also supported by molecular evidence from the LG proglacial stream, which identifies the presence of 16S rRNA gene sequences related to both hydrogenotrophic and acetoclastic methanogens (Extended Data Fig. 4 ; Supplementary Information 2d). A mixed methane source at the LG suggests the availability of several methanogenic substrates beneath the ice, probably derived from the recycling of overridden old carbon (for example, acetate), such as that seen in GrIS marginal lakes 23 , potentially supplemented by H 2 gas generated from rock comminution, which has been hypothesized to fuel methanogens beneath ice masses over extended glaciation 24 (see Supplementary Information 2d). Table 2 ). c, CH 4(aq) lateral flux and discharge (Q). The first data points, measured on 28 May, are extended to the first data point of the above sensor measurements (dashed horizontal lines). Abrupt increases in SSC, EC, pH and CH 4(aq) correspond to outburst events (shaded sections) and reflect sudden drainage of subice-sheet waters and sediments driven by supraglacial meltwater entering the subglacial system (Supplementary Information 2b) . The left and right vertical axes correspond to the black and orange datasets, respectively.
Letter reSeArCH
Partial oxidation during transit from the subglacial system probably enriched the sampled methane with heavier stable isotopes 25 (Supplementary Information 2c), yet there is no strong isotopic trend that conclusively identifies methanotrophy as a major control on the isotopic signatures observed here (Fig. 4, Extended Data  Fig. 3 ). This contrasts with patterns that we observed for stagnant waters beneath the LG proglacial river ice (Extended Data Fig. 3 ) and waters sampled from Antarctic Subglacial Lake Whillans (Supplementary Information 2c) . We infer the limited methanotrophic signature observed here to reflect the largely anoxic conditions at the sites of methane production (and thus limited aerobic oxidation of methane) and the rapid evacuation of methane from the production site via a fast and efficient drainage system (Supplementary Information 2b).
The impact of subglacial methane on atmospheric concentrations partially depends on the presence of methane hydrates beneath ice sheets, as catastrophic methane hydrate destabilization during periods of rapid ice thinning could result in very large fluxes of methane to the atmosphere 3, 4 . We used a one-dimensional reaction-transport model to identify the conditions required to allow methane hydrate formation beneath the LG catchment. Our results indicate that relatively high methanogenic rates (larger than those observed in Greenland basal ice incubation experiments 17 ; Extended Data Fig. 5 ) and thick sediment layers (at least several tens of metres) are required to produce and sustain methane hydrates beneath the LG catchment (Supplementary Information 2e, f). The high methane flux that would be generated at the ice-sediment interface under methane hydrate conditions (estimated to be 10 to 1,000 times larger than the observed lateral flux, depending on hydrate conditions; Extended Data Fig. 6 ) makes it unlikely that a substantial portion (if any) of the exported CH 4 measured from the LG comes from subglacial methane hydrates. Importantly, however, the model results suggest that conditions favourable to hydrate formation are probably present in other regions of the GrIS with sustained thick ice cover (for example, for more than 10,000 years) and with thick sedimentary layers (for example, ref. Dark-grey lines represent a scenario that accounts for a methanotrophic methane sink on a sustained-flux scenario and represent the expected lateral methane flux that would have occurred without a methanotrophic sink. Blue lines correspond to a scenario that accounts for the combined estimated methanotrophic and diffusive flux sinks of methane before reaching the measuring site, added to a sustained-flux scenario.
The vertical dotted line marks the last day of CH 4(aq) sensor measurements (13 July). The width of the shaded areas corresponds to errors from sensor measurements and estimates of gas transfer velocities (see Methods). The pale-grey time series denotes discharge measurements over the entire melt season. The annual methane fluxes depicted in the bar plot correspond to the cumulative fluxes at the end of the melt season for each of the estimated scenarios; error bars correspond to the range depicted by the shaded areas. LG ( Where no raw data are available, averages and reported ranges are depicted by circles and error bars (see Supplementary Information 1c for details) . 'MethDB' refers to a worldwide CH 4(aq) dataset for rivers 6 ; 'Trib' and 'MS' refer to the tributaries and mainstems of the rivers, respectively.
Using high-resolution in situ sensor measurements, we show that an extensive area of the GrIS continuously releases methane-supersaturated runoff from its bed during the melt season. Our results constitute the first measurements of sustained methane export from an ice-sheet catchment and highlight the need to better gauge the footprint of ice sheets on current methane budgets. The release of several tonnes of microbial methane from beneath the GrIS represents one of the strongest lines of evidence to date for considerable microbial production of methane in subglacial ecosystems and reinforces the view that large methane reserves may accumulate beneath past and present-day ice sheets 3, 7 . This methane can reach the atmosphere where fast-flowing drainage networks enable its rapid transport beyond the ice margin before being oxidized to carbon dioxide, either driven by supraglacial forcing in the GrIS ablation zone or potentially also during episodic subglacial lake drainage events in Antarctica
28
. The influence of meltwater discharge on methane export observed here further suggests that projected increases in warming and melting rates could also lead to increases in subglacial methane release to the atmosphere. Our finding that subglacial environments in Greenland can generate high levels of methane emphasizes the need to directly measure methane reserves in subglacial systems containing high quantities of organic carbon, such as the thick sedimentary basins beneath the Antarctic Ice Sheet, where much larger amounts of methane, as hydrates, are expected to be present 4 .
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Site description and hydrogeochemical analyses. The hydrology of the LG has been extensively studied and described previously (see Supplementary  Information 1a) . A detailed description of the proglacial study site, as well as the hydrological and geochemical monitoring performed during the 2015 melt season, can be found in two parallel studies 16, 29 . In brief, a suite of hydrogeochemical sensors recording pH (Honeywell Durafet), water temperature (Aanderaa and Campbell Scientific), electrical conductivity (Campbell Scientific 547) and turbidity (Partech C) were deployed in the LG proglacial river, about 1.6 km downstream from the subglacial ice portal at the glacier's terminus (Extended Data Fig. 1 ). Turbidity measurements were converted to suspended sediment concentrations by calibration against manual sediment samples collected over the span of the melting season, as in ref. 30 . Discharge measurements were derived from pressure transducers (Druck and Hobo) and stage sensors (Campbell Scientific SR50A) fixed in a bedrock section about 2 km downstream from the glacier's terminus. Stage measurements were converted to discharge values using a stage-discharge rating curve generated from calibration against repeated rhodamine dye injections over the full range of river stages during the melt season, as in ref. 18 . Uncertainties (root-mean-square deviation) on discharge measurements were calculated to be about 12.1%. Manual sampling. Manual samples were collected a few metres (about 5-10 m) upstream of the HydroC sensor. Water samples were collected inside pre-evacuated (at most 500 mTorr) 120-ml borosilicate vials sealed with 2-cm-thick butyl-rubber stoppers, pre-flushed with 5.0 grade argon and pre-poisoned with about 24 mg of HgCl 2 to fix the samples and prevent any microbial activity from affecting the gases post-sampling, after the method of ref. 31 . 10 ml (at room temperature and pressure) of helium (grade 5.0) was added to the evacuated vials to maintain a headspace during sampling. Most water samples (n = 53) were collected using a peristaltic pump (Portapump-810, Williamson Manufacturing) equipped with silicone tubing; a small number of samples were collected using plastic syringes (n = 2) or passively, using the vials' vacuum pressure by directly piercing the septum of submerged vials with a needle (n = 8). Vials containing apparent air contamination or vacuum loss (for example, resulting in abnormally large headspace post-sampling) were excluded from analyses. Samples for stable-isotope analysis were collected as above (n = 9 collected using the peristaltic pump, n = 2 using syringes).
Methane concentrations were calculated using the headspace method. Headspace samples were analysed on an Agilent 7980A gas chromatograph equipped with a Porapak Q 80-100 mesh, 2.5 m × 2.0 mm stainless-steel column and flame-ionization detector. Standard curves were calculated from certified (±5%) gas-standard measurements. Gas concentrations were converted to molar concentrations using the ideal gas law, and dissolved methane concentrations were obtained using Bunsen coefficients 32 . Internal vial pressures were calculated using the ideal gas law from the difference between the headspace volume post-sampling and the theoretical headspace volume of 10 ml at 1 atm and 20 °C. An average internal pressure of 3.5 ± 0.9 atm (standard deviation) was assigned to all manual samples for calculations. CONTROS HydroC CH 4 sensor. Methane measurements were performed using a CONTROS HydroC CH 4 system (Kongsberg Maritime), an optical (infrared), headspace-based underwater sensor. An underwater pump (SBE 5T, Sea-Bird Scientific) mounted to the sensor continuously feeds water to the membrane equilibrator. Dissolved gases diffuse through a composite membrane into the internal gas circuit, where partial pressure is measured using tunable diode laser absorption technology 14 . The CONTROS HydroC sensor was deployed completely submerged, within a solid metallic cage moored by cables attached to boulders on the river bank, with the sensor head facing the river current (Extended Data  Fig. 1 ). Measurements were logged every minute between 19 May and 4 June; the logging interval was changed to 5 min on 4 June until the end of the measuring period, on 13 July.
The ideal gas law and Bunsen coefficients were used to convert microatmosphere-scale measurements (Extended Data Fig. 7c ) to molar concentrations (Fig. 1) . Water temperatures (±0.05 °C reported accuracy) were recorded using an Aanderaa Optode 3830 sensor deployed in parallel (Extended Data Fig. 7a) . The reported overall uncertainty of CONTROS HydroC CH 4 is 2 µatm (about 5 nM) or ±3% of the reading, whichever is greater. Calculation of lateral methane flux. The CH 4(aq) measurements stopped on 13 July. CH 4(aq) fluxes estimated during the rest of the ablation season were based on two scenarios: (i) assuming that methane levels would immediately decrease until they reached river baseline concentrations on 15 September (last discharge measurement), or (ii) assuming that methane levels would continue to follow a discharge-dependent trend for the duration of the ablation season. CH 4 flux of 2.78 t) . In the constant-concentration-decrease scenario, a baseline CH 4(aq) concentration was set on the basis of manual water samples collected during a return visit to the sampling site on 28 October, when the proglacial river was partially frozen and no runoff contribution to the proglacial river stream was apparent. The October concentrations averaged about 18.5 nM (beneath river ice at that time; n = 6).
(i) Constant concentration decrease (annual lateral
The minimum flux scenario was calculated using a natural-logarithm decrease of the form ), t is the time elapsed between 13 July and the measurement of flux y, and k is the reaction constant, obtained assuming a baseline concentration of 18.5 nM and using a discharge of 32 m 3 s −1
(last discharge measurement, on 15 September).
(ii) Sustained flux (annual lateral CH 4 flux of 6.28 t). The sustained-flux scenario was calculated using the discharge-weighted mean CH 4(aq) concentration of 271 ± 34 nM, obtained from measurements up to 13 July; the error reflects errors on discharge measurements (12.1%) as well as measurement errors of the HydroC CH 4 sensor (2 µatm or 3%, whichever is greater). Estimation of methane sink via methanotrophic oxidation. The methane concentrations recorded at the LG probably underestimate the original methane levels present beneath the catchment because of the water travel time between the subglacial methane source and the measurement site. In addition to atmospheric evasion of methane, aerobic microbial oxidation of methane would have lowered methane concentrations before reaching the observation site, once fully oxygenated meltwater runoff entered the subglacial system (O 2 concentrations in runoff were either near atmospheric equilibrium or supersaturated for most of the monitoring period; Extended Data Fig. 7a ). Methanotrophy was observed qualitatively in a small number of unfixed river samples collected in parallel with fixed manual samples. Analyses at the home laboratory showed CH 4(aq) concentrations decreased by a factor of up to 100 in unfixed samples compared with the fixed vials (data not shown). However, no time series incubation was set up and consequently no methanogenic rates were calculated for the LG site. The quantity of methane oxidized by methanotrophic bacteria before reaching the measuring site was estimated using the methanotrophic rate reported for the marginal stream of the neighbouring Russell Glacier (that is, 0.32 µM d Justifications for using the Russell Glacier oxidation rate are discussed in Supplementary Information 2c. The time during which runoff was subject to methane oxidation (that is, water travel time) was estimated from water velocities and subglacial drainage evolution calculated on the basis of a previous study at the LG 20 . We assumed that subglacial aerobic methane oxidation occurs between the location of supraglacial runoff-input, where oxygenated supraglacial waters enter the subglacial system, and the measuring site located 1.6 km downstream of the LG glacier terminus.
Water velocities were calculated using the relationship between maximum tracer velocity (v 05 ) and cumulative discharge (∑Q), described for the gaseous tracer SF 6 in ref. , which corresponds to the minimum v 05 calculated in ref. 20 for tracer injections performed 7 km inland from the LG portal at times of low cumulative discharge.
We estimated the inland evolution of an efficient channelized subglacial hydrological system on the basis of the relationship between cumulative discharge and v 05 at moulin injection sites (see figure 2a in ref.
20
). We derived the progression of supraglacial water inputs using the lowest value of cumulative discharge, observed where v 05 at an injection site fell onto the regression line of v 05 on the cumulative discharge for the L7 injection in ref.
20 (see supplementary figure 2.8 in ref.
). That is, we assumed that the channelized subglacial channel would reach 7 km at a cumulative discharge of 1.9 × 10 7 m 3 , 14 km at 9. . Although we acknowledge that such calculations are approximate at best, they allow the use of a dynamic distance of travel during the melt season. We fixed the maximum travel distance at 41 km from the LG terminus, after which the LG subglacial system is considered to become primarily inefficient and distributed for the duration of the ablation season 20 . To account for potential methane sources and methanotrophic activity occurring downstream of the supraglacial-runoff input into the subglacial channelized system, we used an average distance of travel in our calculation (that is, half of the distance of travel obtained from the cumulative-discharge calculations above). Calculation of diffusive methane flux. Accurately calculating methane losses due to atmospheric evasion was beyond the scope of the present study, and therefore flux numbers should be considered conservative estimates of the amount of methane originally generated and exported from the LG catchment.
Diffusive fluxes for the LG stream were estimated following the approach in ref. 19 , which estimates gas transfer velocity coefficients (k) from the stream slope and water velocity (fitted equation (5) in ref. 33 ). Fluxes were estimated for the first 1.6 km of the proglacial river, from the ice margin to the measuring site. The stream slope was obtained from Google Earth and approximated as 0.04; slope values of 0.01, 0.03 and 0.05 were used to generate minimum, medium and maximum k values, respectively. A water velocity of 1 m s −1 was used, which corresponds to the discharge weighted mean of subglacial water velocities (v 05 ) used for methanotrophic sink calculations (see above).
Methane gas-transfer velocities (k CH4 ) were converted from the calculated k 600 values following relationships between Schmidt numbers and k for CO 2 and CH 4 (see equations (2) and (3) in ref. 33 ); Schmidt numbers were calculated using an average water temperature of 0.22 °C (Extended Data Fig. 7d ) 34 . Minimum, medium and maximum slope values, as well as standard deviations on k 600 equation parameters 33 , resulted in minimum, medium and maximum k CH4 of 16 m d , hold for 5 min. The total error, incorporating both accuracy and reproducibility, is ±0.5‰ with respect to the Vienna Pee Dee belemnite standard 35 . The δ 2 H analysis was performed on a continuous-flow compound-specific hydrogen-isotope mass spectrometer that consists of an HP 6890 gas chromatograph interfaced with a micropyrolysis furnace (1,465 °C) in line with a Finnigan MAT Delta + -XL isotope-ratio mass spectrometer. H 2 and CH 4 were separated by a molecular sieve 5A column (25 m × 0.32 mm internal diameter) with a carrier gas flow rate of 1.2 ml min −1 and the temperature programme: initial temperature 20 °C, hold for 5 min, followed by an increase to 280 °C at 25 °C min −1 . Higher hydrocarbons were separated using the same column and temperature programme as those used in the carbon isotope analysis. The total error, incorporating both accuracy and reproducibility, for the hydrogen isotope analysis is ±5‰ with respect to V-SMOW 31 . Methane hydrates. To evaluate the potential for hydrate formation beneath the LG catchment, we used a one-dimensional reaction-transport model that was originally developed for simulating hydrate formation in marine sediments 36 and has previously been adapted for subglacial Antarctica 4 . We assumed physical properties for sediments similar to those previously used for ocean sediment modelling 36 . Extended Data Table 3 summarizes site-specific model parameters, their model values and units. The model solves the one-dimensional diffusion-advection-reaction equations for dissolved methane, gaseous methane and methane hydrates. The implemented reaction network accounts for a constant methane production rate R xn over a predefined sediment depth z xn , methane hydrate, as well as methane gas formation and dissociation. At the upper boundary, the boundary concentrations were set to zero (that is, Dirichlet boundary condition), reflecting warm-based conditions and allowing for diffusive flux of methane through the ice-sediment interface. In addition, the initial conditions for dissolved and gaseous methane and methane hydrates were set to zero. A 'best case' scenario was designed to reflect optimal, but plausible, physical and biogeochemical conditions for hydrate formation to assess the maximum potential for hydrate accumulation in the catchment. More specifically, we assigned a thick methanogenic sediment layer beneath the catchment (that is, up to 100 m), a 10,000-year ice-sheet overburden to allow for hydrate evolution, complete anoxic conditions, an overlaying ice thickness set to 1,000 m (ice thickness over the LG catchment exceeds 1,000 m at about 39 km from the ice margin 20 ), a basal temperature of −1 °C, and absence of a methane sink within the sediment layer (for example, no anaerobic oxidation of methane). This 'best case' model setup was run over a wide range of constant methane production rates (R xn of 10 −17 to 10 −13 grams CH 4 per gram of wet sediment per second) to determine the order of magnitude of methane production rates required to accumulate hydrates. After this initial screening, methane production rates were varied systematically between 10 −15 to 10 −14 grams CH 4 per gram of wet sediment per second.
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